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ACOUSTICALLY GENERATED IMAGLES
HAVING SELECTED COMPONENTS

CROSS-REFERENCE TO RELATED
APPLICATTION

This application 1s a confinuation-in-part of U.S. patent
application Ser. No. 09/590,148, filed Jun. 8, 2000, now
pending, which application 1s incorporated herein by refer-
ence 1n 1its entirety.

TECHNICAL FIELD OF THE INVENTION

The present 1nvention 1s directed generally to acoustic
imaging and, more particularly, to an acoustically generated
image formed by selected signal components.

The present invention provides a process and an apparatus
for enhancing the imaging of subtle structures, such as tumor
fissue within a soft tissue matrix. Specifically, the process
and apparatus provides a transmissive ultrasonic holography
imaging system having an acoustical opaque small element
variably placed so as to block the contribution to the 1mage
by sound energy transmitted through the object but not
scattered by the object being imaged. The present mnvention
further provides a process and apparatus for a transmissive
ultrasonic holography 1maging system comprising an acous-
fical opaque planar element having an opening so as to pass
unscattered ultrasonic energy (i.e., sound) but to block the
contribution to the image by ultrasonic energy that is trans-
mitted through the object and scattered by the object. The
present invention further provides an alternate process and
apparatus which provides for an acoustical planar element
variably placed so as to block all or substantially all of the
ultrasonic energy transmitted through the object except that
scattered from a selected volume within the object being
imaged and at selected forward scattering angles. It 1s
recognized that the nature of the scattering angle relates to
the nature of the object being 1maged. Thus, 1n this invention
the 1maging with selected components refers to 1maging
with only a selected portion of the ultrasound transmitted
through or forward scattered (diffracted) from a structure
within an object. The process and apparatus provides for
being able to 1image with only ultrasound scattered at large
scattering angles, medium forward scattering angles or low
or zero forward scattering angle. Since different character-
istics of an object (e.g. lesions 1n the human breast) forward
scatters ultrasonic energy at various angles, by being able to
image with ultrasound scattered only selective angles greater
and more detailed information can be determined of subtle
structures within the object.

The process and apparatus further provides that these two
separate 1mage contributions are used and analyzed sepa-
rately or combined for improved diagnosis of subtle struc-
tures. One of the results of utilizing the inventive process
provides for improved imaging visualization of subtle
objects by providing a means of imaging only with sound
scatter from subtle objects because only ultrasound that
interferes with the object 1s transmitted to a holographic
detector and reconstructed within the detector. More
specifically, the invention provides a process to separately
using only specific portions of the transmitted sound wave to
make separate 1mages of the object and utilize a combination
of such 1images to provide greater detailed information about
subtle structures within the object.

BACKGROUND OF THE INVENTION

Holography involves combining or interfering an object
wave or energy with a reference wave or energy to form an
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interference pattern referred to as the hologram. A funda-
mental requirement for the forming of the hologram and the
practice of holography 1s that the initial source of the object
wave and reference wave or energy are coherent with respect
to the other wave. That 1s to say, that all parts of both the
object wave and the reference wave are of the same fre-
quency and of a defined orientation (a fixed spatial position
and angle between the direction of propagation of the two
sources). When performing holography the object wave is
modified by interference with structure within the object of
interest. As this object wave interacts with all points of the
object 1n the path of the wave, the three-dimensional features
of the object impart i1dentifying phase and amplitude
changes on the object wave. Since the reference wave 1s an
unperturbed (pure) coherent wave, its interference with the
object wave results 1n an interference pattern which 1denti-
fies the 3-D positioning and characteristics (ultrasonic
absorption, diffraction, reflection, and refraction) of the
scattering points of the object.

A second process, (the reconstruction of the hologram) is
then performed when a coherent viewing source (usually
light from a laser) i1s transmitted through or reflected from
the hologram. The hologram pattern diffracts light from this
coherent viewing or reconstructing source 1n a manner to
faithfully represent the 3-D nature of the object, as seen by
the ultrasonic object wave.

To reiterate, to perform holography, coherent wave
sources are required. This requirement currently limits prac-
tical applications of the practice of holography to the light
domain (e.g., a laser light) or the domain of acoustics
(sometimes referred to as ultrasound due to the practical
application at ultrasonic frequencies) as these two sources
are currently the only available coherent energy sources.
Thus, further references to holography or imaging system
will refer to the through-transmission holographic imaging
process that uses acoustical energies usually 1n the ultrasonic
frequency range and more specifically from 1 to 10 MHz.

In the practice of ultrasound holography, one key process
1s the generation of the ultrasound, such as a large area
coherent ultrasound transducer. A second key process 1s the
projection of the object wave information from a specific
volume within the object into the hologram detection plane
by means of the ultrasonic lens projection system. A third
key process 1s the detection and reconstruction of the
ultrasonic hologram into visual or useful format.

Although other configurations can be utilized, a common
requirement of the source transducers for both the object and
reference waves 1s to produce a large area plane wave having
constant amplitude across the wave front and having a
constant frequency for a sufficient number of cycles to
establish coherence. Such transducers will produce this
desired wave if the amplitude of the ultrasound output
decreases 1n a Gaussian distribution profile as the edge of the
large area transducer 1s approached. This decreasing of
amplitude as the edge 1s approached, reduces or eliminates
the “edge effect” from the transducer edge, which would
otherwise cause varying amplitude across the wave front as
a function distance from the transducer.

In the process of through-transmission ultrasonic holo-
oraphic 1maging, the pulse from the object transducer
progresses through the object, then through a focusing lens
system and at the appropriate time, the pulse of ultrasound
1s generated from the reference transducer such that the
object wave and reference wave arrive at the detector at the
same time to create a interference pattern (i.e., the
hologram). For broad applications, the transducers need to
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be able to operate at a spectrum or bandwidth of discrete
frequencies. Multiple frequencies allow comparisons and
integration of holograms taken at selected frequencies to
provide an improved 1image of the subtle changes within the
object.

A hologram can also be formed by directing the object
wave through the object at different angles to the central axis
of the lens system. This 1s provided by either positioning or
rotating the object transducer around the central axis of the

lens system by using multiple transducers positioned such
that the path of transmission of the sound is at an angle with
respect to the central axis of the lens system.

With a through-transmission 1maging system, 1t 1S 1mpor-
tant to determine the amount of resolution i1n the “z”
dimension that 1s desirable and achievable. Since the holo-
ographic process operates without limits of mechanical or
electronic devices to detect and form the image, but rather
reconstructs 1images from wave interactions, the resolution
achievable can approach the theoretical limit of % the
wavelength of the ultrasound used. However, the amount of
information displayed for the user in this situation may be
too great. It may be desirable to limit the “z” direction image
volume so that one can “focus” 1n on one thin volume slice
and thereby reduce the amount of data. Thus, 1t 1s of value
to develop a means for projecting a planar slice within a
volume into the detector plane. One such means 1s a large
aperture ultrasonic lens system that will allow the 1maging
system to “focus” on a plane within the object. Additionally,
this lens system and the corresponding motorized, computer
controlled lens drive will allow one to adjust the focal plane
and at any given focal plane to be able to magnily or
demagnify at a selected z dimension position (i.€., a zoom
lens).

The 1image 1s detected and reconstructed at the detector.
Standard photographic film may be used for the recording of
light holograms and the 3-D image reconstructed by passing
laser light through the film or reflecting it from the hologram
pattern embossed on the surface of an optical reflective
surface. However, there 1s no equivalent “film”™ material to
record the intricate phase and amplitude pattern of a com-
plex ultrasonic wave. One of the most common detectors
uses a liquid-air surface or interface to record, in a dynamic
way, the ultrasonic hologram formed. The sound energy at
the frequency of ultrasound (above range of human hearing)
will propagate with little attenuation through a liquid (such
as water) but cannot propagate through air. At these higher
frequencies (e.g., above 1 MHz) the ultrasound will not
propagate through air because the wavelength of the sound
energy 1s so short [A(wavelength)=v(velocity)/f
(frequency)]|. The density of air (approximately 0.00116
g/cm’) is not sufficient to couple these short wavelengths
and allow them to propagate. On the other hand the density
of a liquid (e.g., water) 1s a favorable media to couple and
propagate such wavelengths. For example, the velocity of
sound 1n air 1s approximately 346 meters/second whereas 1n
water 1t 1s approximately 1497 meter/second. Thus, for
water, both the density (1 g/cm”) and the wavelength (~1.5
mm at 1 MHz) are significantly large that ultrasound can
propagate with little attenuation. In contrast, for air both the
density (0.00116 g/cm”) and wavelength (0.346 mm at 1
MHz) are sufficiently small such that the energy at these
ultrasonic frequencies will not propagate.

Thus, when ultrasound propagating 1n a liquid encounters
a liquid-air interface the enfire amount of the energy is
reflected back into the liquid. Since ultrasound (or sound)
propagates as a mechanical force 1t 1s apparent that the
reflection (or changing direction of propagation) will impart
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a forward force on this liquid-air mterface. This force, 1n
turn, will distort the surface of the liquid. The amount of
surface distortion will depend upon the amplitude of the
ultrasound wave at each point being reflected and the surface
tension of the liquid. Thus, the pattern of the deformation 1is
the pattern of the phase and amplitude of the ultrasonic
wave.

In this manner, the liquid-air interface can be readily used
to provide a near real-time recorder (“film equivalent™) for
an ultrasonic hologram. The shape of the surface deforma-
tion on this liquid-air detector 1s the representation of the
phase and amplitude of the ultrasonic hologram formed by
the interference of the object and reference ultrasonic waves.

The greatest value of the ultrasonic holographic process 1s
achieved by reconstructing the hologram 1n a usable manner,
usually 1n light, to make visible the structural nature of the
initial object. In the case of a liquid-air interface, the
reconstruction to achieve the visible image 1s accomplished
by reflecting a coherent light from this liquid-air surface.
This 1s the equivalent process to reflecting laser light from
optically generated hologram that 1s embossed on the sur-
face of a reflecting material (e.g., thin aluminum film).

The reflected light is diffracted (scattered) by the holo-
oram to diffracted orders, each of which contains image
information about the object. These diffracted orders are
referred to as #n™ orders. That part of the reconstructing
light that does not react with the hologram 1s referred to as
zero order and 1s usually blocked so that the weaker dif-
fracted orders can be 1maged. The higher the diffracted order
the greater 1s the separation angle between the zero order of
reflected light. Once reconstructed, the image may be
viewed directly, by means of a video camera or through post
ProcessIng processes.

Ultrasonic holography as typically practiced 1s illustrated
in FIG. 1. A plane wave of sound la (i.e., ultrasound) is
oenerated by a large area object transducer 1. Such a
transducer 1s described 1n U.S. Pat. No. 5,329,202. The
sound is scattered (i.e., diffracted) by structural points within
the object. The scattered sound 2a from the internal object
points that lie in the focal plane 2 are focused (i.¢., projected)
into a hologram detector plane 6 of a hologram detector 7.
The focusing 1s accomplished by an ultrasonic lens system
3, which focuses the scattered sound into the hologram
detector plane 6 and the unscattered sound 1nto a focal point
4. U.S. Pat. No. 5,235,553 describes an ultrasonic lens that
may be satistactorily used for the ultrasonic lenses 1llus-
trated as the lens system 3 1 FIG. 1. The ultrasonic lens
system 3 also allows the 1maging process to magnify the
image (i.e., zoom) or change focus position. U.S. Pat. No.
5,212,571 1illustrates a lens system that can magnify the
image and change focus position and may be used satisfac-
torily for the lens system 3.

Since the focal point 4 of the unscattered sound 1s prior to
the hologram detector plane 6, this portion of the total sound
again expands to form the transparent image contribution
(that portion of the sound that transmitted through the object
as 1f it were transparent or semi-transparent). In such an
application, an ultrasound reflector 5 1s generally used to
direct the object sound at a different angle, thus impinging
on the hologram detector plane 6, which usually contains a
liquid that 1s deformed by the ultrasound reflecting from the
liquid-air interface. In an exemplary embodiment, the base
of the hologram detector 7 1s made to be parallel with the
oround so that the thickness of the fluid below hologram
plane 6 remains at a constant value.

When a reference wave 8 and the object wave are simul-
taneously reflected from the hologram detector 7, the defor-
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mation of the liquid-air mterface 1s the exact pattern of the
ultrasonic hologram formed by the object wave (la com-
bined with 24) and the “off-axis” reference wave 8.

This ultrasonic hologram formed on the detector plane 6
1s subsequently reconstructed for viewing by using a coher-
ent light source 9, which may be passed through an optical

lens 10, and reflected from the holographic detector plane 6.

U.S. patent application Ser. No. 09/589,863 describes a
hologram detector suitable for use as the hologram detector

7 1llustrated 1in FIG. 1.

This reflected coherent light contains two components.
The first component 1s light that 1s reflected from the
ultrasound hologram that was not diffracted by the ultrasonic
holographic pattern, which 1s focused at position 11 and
referred to as undiffracted or zero order light. The second
component 1s light that does get diffracted from/by the
ultrasonic hologram 1is reflected at an “off-axis” angle from
the zero order at position 12 and referred to as the “first
order” 1mage view when passed through a spatial filter 13.
It 1s noted that this reconstruction method produces multiple
diffraction orders each containing the ultrasonic object mfor-
mation. Note also both + and - multiple orders of the
diffracted 1mage are present and can be used mdividually or
in combinations to view the optical reconstructed 1mage
from the ultrasonically formed hologram by modifying the
spatial filter 13 accordingly.

That portion of the ultrasound wave that passes through
the 1maged object without interference with the object can
be a major contributor in “semitransparent objects” (that is,
an object that scatters a small portion of the sound waves
passed through the object). Since many objects of interest
can be rather transparent to sound, (€.g. human soft tissue
normal structures and tumor tissue of solid tumors) a major
portion of the sound source passes through the object and
forms a background hologram that diffracts light to form a
bright and strong white light contribution. When one wants
to detect and determine the characteristic of subtle changes
in the object (e.g., determining tissue characteristics) this
background bright 1mage contribution can overpower the
resolution of small and subtle contributions of tissue change.
Therefore, there 1s a need 1n the art to 1improve resolution
characteristics of transmissive ultrasonic 1maging so as to be
able to distinguish subtle differences within the object (i.e.,
SO as to be able to 1mage tumor tissue within surrounding
soft breast tissue).

Furthermore, there 1s a need 1n the art to improve 1mage
quality by recognizing and utilizing the effects of diffraction
generated by internal structures within the object. This need
1s particularly strong for breast cancer screening techniques
that now utilize invasive mammography (providing the
patient with exposure to radiation from X-Ray imaging) and
yet do not have sufficient sensitivity to certain types of
cancerous conditions e€.g. cancer not exhibiting calcification
or 1n radiographic dense breasts of young women. The
present mnvention provides this, and other advantages, as will
be apparent from the following detailled description and
accompanying figures.

SUMMARY OF THE INVENTION

The present mvention relates to acoustically generated
images of an 1imaged object. A typical acoustically generated
image 1s generated using one or more of the components
resulting from a through transmitted ultrasonic wave for-
ward scattered from the structure within the object being
imaged.

The acoustic signal generated by transducers passes
through and interacts with an object to produce an acoustic
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signal having a diffracted component and a nondifiracted
component. The acoustic image of the present invention 1s
formed by selected portions of the sound either scattered
from or passed through the object being 1maged. In use of
the present invention, images are generated with either the
scattered ultrasound component only, the ultrasound com-
ponent that 1s not scattered, a combination thereof or ultra-
sound forward scattered from structures within the object at
a selected angle which may be referred to as at a selected
spatial frequency. In one embodiment, the acoustic signals
may be ultrasonic acoustic signals. In one embodiment, the
acoustically generated image may be a holographic image.
The holographic image may be viewed with light (such as a
laser light) interaction with the ultrasonic hologram. The
holographic 1mage 1s generated through the interaction of
light and an acoustic interference pattern. The acoustic
interference pattern may be formed at an liquid-air interface
upon which the light 1s directed.

In an exemplary embodiment, the acoustically generated
image information may be constructed by ultrasound that 1s
scattered by internal structures of the object and at a selected
angle 1.e. at a selected spatial frequency.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates conventional apparatus for generating an
ultrasonic holographic 1image.

FIG. 2 illustrates an exemplary embodiment of a device
used to generate acoustic 1mages of the present invention
(note this configuration accepts all scattered ultrasound that
1s directed such as to pass through the aperture 3a of lens 3
but does not allow 1mage contribution of ultrasound that
passes through the object without being scattered and 1s

blocked by 4a).

FIG. 3 illustrates an alternative embodiment of a device
used to generate acoustic 1mages of the present invention
(note, this configuration accepts and utilizes only that ultra-
sound that passes through the object but 1s not scattered by
that object since all scattered ultrasound 1s blocked by 4b but
all unscattered ultrasound is passed by 4b).

FIG. 4A. illustrates another alternative embodiment of a
device used to generate acoustic 1mages only from sound
forward scattered at selected angles of the present invention.
Note, this configuration allows the passage and thus image
contribution of ultrasound a selected angles from scattering
points within the object 2 since only the ultrasound scattered
at the selected angles will Pass through openings 2a and 2b
in ultrasonically opaque element 2c)

FIG. 4B. 1llustrates another alternative embodiment of a
device used to generate acoustic 1mages only from sound
forward scattered at both a selected angle and from a
selected position within the object. Note, this configuration
will allow the passage and thus image contribution of
ultrasound at selected angles such that the scattered sound
could only come from a given point within the object.

FIG. 5 shows detail of an acoustically opaque planar
clement exemplary employed in the apparatus of FIGS.
4A—4B (note the edges of all ultrasonically opaque elements
have a varying amount of transmissiveness as the edge of the
element 1s approached)

FIG. 6 1llustrates yet another alternative embodiment of a
device used to generate acoustic 1mages of the present
invention (note this configuration illustrates the positioning,
of two ultrasonically opaque objects to block the unscattered
ultrasonic signal from multiple source transducers 1

(blocked by 4al) and 1a (blocked by 4a2).

FIGS. 7TA-7C 1llustrate zero, low and high spatial fre-
quency component, respectively, of forward scattered 1nfor-
mation from structures within an object.

™
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FIGS. 8A-8C show details of acoustically opaque planar
clement employed to 1image with selected components of
ultrasound forward scattered from structures within an
object.

FIGS. 9A-9D show a series of comparative 1mages of
conventional 1mages and the acoustically generated 1mages
using selected components of forward scattered ultrasound.

FIGS. 10A-10B 1illustrate the positioning of acoustically
opaque clements to generate the desired acoustic 1mages
using different forms of source transducers.

DETAILED DESCRIPTION OF THE
INVENTION

The present mvention comprises acoustically generated
images 1n which the user has selected which components of
the 1maging signal passed through an object that will be used
o generate the 1mage. Using the apparatus 1llustrated herein,
the user may generate acoustic 1images having, by way of
example, a component diffracted at selected angles only, or
the undiffracted component only. As will be described 1n
orcater detail below, the acoustic 1mages of the present
invention are useful for visualizing an 1image from selected
portions of acoustical energy that passes through the object
together with that which does not interfere with the object
structure. This allows the 1mage to be constructed from only
selected portions of sound or ultrasound or ultrasonic energy
that diffracts from, refracts by, or otherwise interferes with
(collectively referred to herein as scattered ultrasonic
energy) structures within the object. In this manner the
inventive acoustically generated images provide an
enhancement of subtle structures when compared to the
conventional method of 1maging with the acoustical holog-
raphy. As an 1llustration, it 1s known that various boundaries
or structures of lesions within the human body exhibit
different forward scattering angles when illuminated waith
ultrasonic energy. By utilizing the provisions of this imnven-
tion and selectively 1maging only with forward scattered
energy at selected angles, the presence or details of certain
edge or structural characteristics may be enhanced. Thus the
provisions of this invention will provide additional capabil-
ity of not only detecting such structures but also the possi-
bility of 1dentifying and characterizing the lesion. Such
capabilities will be of great value 1n the diagnosis and
freatment of cancerous tumors versus benign cyst.

Also the ability of this mmvention to eliminate from the
image the undiffracted signal contribution provides a light
image on a black background as compared to a black image
(the absence of the large diffracted light) as is present in the
conventional methods. This method has the additional
advantage that the holographic detector 1s subjected only to
a small amplitude (may be less than 10% of the unscattered
sound) of image information thus the image signal ampli-
tude to background signal ratio 1s greatly improved.

A method and apparatus described herein will track the
point and position 1n which the transmitted unscattered
acoustics 1s to be blocked. Such an apparatus is described 1n
detail in U.S. application Ser. No. 09/590,148, filed on Jun.
8, 2000. This blocking then i1s positioned by a computer
controlled set of driving sources (See FIG. 2) such that the
unscattered acoustics 1s continuously blocked from propa-
gation wrrespective of the focus or magnification settings of
the lens being used. FIGS. 10a and 10b provide the equa-
fions that describe the position for the acoustic signal
blocking as a function of lens settings and focal length of the
lens.

In the apparatus of FIG. 1, the ultrasonic hologram
formed by the object wave includes the diffracted signal
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component and the undiffracted signal component. The
image produced by the apparatus of FIG. 1, if no object 1s
present, 1s a completely white image. If there 1s a completely
acoustically opaque object, the 1mage will be black. For
semi-transparent objects, the inclusion of the non-diffracted
signal produces such a strong white background that subtle
details of the internal structure of the object are difficult to
be seen.

In the operation of the system configuration of FIG. 1, a
sound wave, such as a plane wave, 1s generated from an
ultrasonic transducer (i.e., the object source) and 1s directed
at and through the object being imaged. At any point within
the object (or any internal structure within the object, such
as a tumor mass within breast tissue), the sound wave has the
following characteristic 1nteractions:

(1) The object reflects sound waves that do not continue
on to the 1mage detector;

(2) The object absorbs sound waves that do not continue
on to the 1mage detector;

racted

(3) The object diffracts sound waves and the di
waves proceeds on to the 1mage detector; and

(4) The object refracts sound waves and the refracted

waves proceed on to the 1image detector.

The inventive acoustical images result from the separation
of contributing parts of the ultrasonic wave energy interac-
tion with the structure of the object being 1imaged. In other
words, the acoustically generated image of the present
invention may contain only the diffraction portion of an
ultrasonic wave 1nteraction with the human body and more
specifically only portions that have been scattered at selected
angles within the object. Alternatively, the acoustically
generated 1mage may contain only undiffracted portion of
the ultrasonic wave interaction thus providing information
about the absorption and reflection characteristics of the
object. In yet another alternative, the acoustic image of the
present mvention comprises only that portion of the sound
that was scattered at selected angles. These separate 1images
yields surprisingly new and detail information about the
subtle structures within a object (e.g., cancerous tissue in the
human breast). The separation of these various contributing
parts of the ultrasound wave interaction with structures
within the object being 1maged 1s achieved by specially
designed and selectively placed acoustically opaque ele-
ments (either small size or planar) to either block or pass
portions of the composite ultrasonic wave (i.e., diffraction
wave portion).

In the practice of prior art, the various contributions of the
ultrasonic wave interaction with the object were all super-
imposed 1nto one white background 1image with any struc-
ture within the object being indicated as a dark outline
within this strong white background 1mage. The net result of
the practice of prior art 1s that the intense white background
image overshadows the subtle internal structure detail within
the object. Moreover, the edges of internal structures are not
as clearly defined as with the new process. This 1s important
as one would like to make accurate measurements of
dimensions, such as the exact location and dimension of a
tumor lesion within breast tissue.

The addition to the configuration of FIG. 1 adds an
acoustically opaque element 4a, shown in FIG. 2, to the
acoustic lens system 3 at the focal point 4 of the unscattered
sound. In an exemplary embodiment, the planar element 4a
1s a circular planar element having a diameter less than 1 cm
and 1s positioned at the focal point 4 to prevent transmission
of ultrasonic energy directed to the focal point. This
improvement results 1n significant and surprising results to
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the 1mage quality, including having a black background to
aid 1 1maging lesion dimensions and edges and to better
identify internal structures using standard image enhance-
ment techniques. As previously noted, a conventional ultra-
sonic device produces a strong background, which appears

as a white background, making it difficult to discern image
details.

With the undiffracted sound blocked by the planar ele-
ment 4a at the focal point 4 of the unscattered sound, only
the diffracted sound resulting from the interference
(scattering) with internal structure of the object passes
through to the hologram detector plane. The result 1s a
clearer 1image, but with a white 1mage on a dark or black
background 1n which only the scattered sound information 1s
provided above a zero (i.e., black) background. The black
background 1image contains much more detailed and sensi-
five information regarding the internal structure of the object
that would otherwise be lost 1n the strong white 1mage of the
prior art. It should be noted that the acoustic image gener-
ated by the apparatus of FIG. 2 1s a completely black image
in the absence of any objects within the measured volume.
Thus, the subtle 1nternal details are imaged above a black or
vold background. Such imaging method provides a more
sensitive edge and detail imaging as well as showing subtle
characteristics of the object.

With regard to FIG. 3, an acoustically opaque planar
clement 4b 1s placed at the focal point 4 of the unscattered
sound. The planar element 4b contains a centrally located
aperture through which the focused unscattered sound wave
passes. The remainder of the planar element 4b 1s sized and
positioned such that 1t will block from passage sound that 1s
not directed to this focal point and thus the diffracted or
scattered sound 1s blocked. The acoustically generated
image using the apparatus of FIG. 3 has a dark 1mage on a
white background, wherein the acoustically generated
images using the apparatus of FIG. 2 provides a white image
on a black background. Thus, an acoustically generated
image having a white background contains information
about the absorption and reflection characteristics of the
object being imaged and may be compared to the shadow
imaging characteristics of a conventional X-Ray. The acous-
tical image produced by the apparatus of FIG. 3 would be a
completely white image 1n the absence of an object.

The purpose of this novel process and apparatus 1s to
provide a means of seeing only the attenuation and reflection
characteristics of the structures of the object being 1maged.
This 1s especially important because the X-Ray process,
commonly used 1n medical diagnostics, 1s a similar process
in that the 1mage contrast 1s formed by recording the amount
of radiation that is absorbed within the object (e.g., the
human body). Thus, the inventive process for forming the
acoustically generated image allows a direct and informative
absorption 1mage comparison of X-Ray contrast with that of
ultrasound absorption contrast. This comparison is helpful in
performing diagnostic imaging such as comparing the 1image
from this new process with that of the standard mammogram
image for breast cancer screening 1maging.

In yet another alternative embodiment, 1llustrated 1n FIG.
4a, the acoustically generated image results from the for-
ward scattering of 1mage 1information at selected angles. An
acoustically opaque planar element 2a having openings 25
can be placed to selectively allow ultrasonic energy scat-
tered at pre-selected angles for any specified volume within
the object to be passed to the detector hologram detector
plane 6. Thus, the opaque element 2a may be referred to as
a “spatial filter” since 1t 1s filtering on the basis of location
of an object within the 1mage plane 2. In an exemplary
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embodiment, the openings 2b of the inner element 2a are
positioned symmetrically about the center of the planar
clement and are selectively positioned between the object
and the lens system 3 so as to pass only ultrasonic energy
that 1s scattered at preferential angles from objects posi-
tioned within a selected volume 1n the 1mage plane 2. This
will enhance 1mage imformation from subtle structures
within the object being imaged by minimizing or eliminating
image contribution from structures outside of a pre-selected
volume area within the object.

In addition to increasing sensitivity to subtle details of
structures within the object, the 1llustrated process sharpens
the “z” dimension or depth resolution of the 1maging pro-
cess. It should be noted that with the operation of multiple
object transducers can be applied to each view to further
enhance the sensitivity to a given volume within the object.
This process 1s preferably performed and utilized when the
unscattered ultrasonic energy 1s blocked by acoustically
opaque elements, such as the opaque planar element 4a and
4b, shown 1in FIG. 2 and mm FIG. 4, respectively. The
acoustically opaque spatial filtering element 2a may alter-
natively be positioned between the object in the object
image plane 2 and the lens system 3, or between the lens
system and the hologram detector 7 by repositioning the
openings 2b 1n the opaque planar element to match that of
the path of the preferential forward scattering energy.

In yet another alternative embodiment, illustrated in FIG.
4b, a device 1s used to generate acoustic 1mages only from
sound forward scattered at both a selected angle and from a
selected position within the object. The addition of this
conilguration 1s to add the angular restriction of the sound
scattered (diffracted) from the object. The result is that this
conflguration can provide imaging from only a speciiic
volume of interest within an object (e.g. a cancerous con-
dition within the breast). The configuration will allow the
detailed examination of a specific volume within the object
and at a specified scattering angle. In other words, a selected
volume of interest may be imaged at a specific angle of
diffraction. This will allow the examination of speciiic
characteristics of the volume of interest since we have
established that the scattering (diffraction) angle within an
object 1n indicative of the nature of the object. Thus by
allowing ultrasound scattered at selective angles (adjusted
by the angle at which sound 1s allowed to pass through the
spatial filter) from a specific volume within the object, one
can provide information to determine the subtle nature of the
structure 1n the volume of 1nterest within the object. As those
skilled 1n the art can appreciate, propagating waves are
diffracted around sharp edges, such as the opening 2b of the
spatial filtering element 2a. If one uses an acoustically
opaque spatial filtering element to enhance the diffraction
imaging contribution from positions in the focal plane, but
then creates additional new diffraction by virtue of the
acoustical opaque eclement 1tself, 1t defeats the intended
purpose. Thus, 1t 1s important to make an improvement to the
acoustically opaque element 2a so as to minimize or elimi-
nate diffraction from the element itself. FIG. § illustrates a
technique to overcome the diffraction of the propagating
sound wave from the edge of the acoustically opaque spatial
filtering element 2a of FIG. 4. As illustrated 1n FIG. 5, the
edges of the acoustically opaque element 2a are acoustically
tapered such that the attenuation starts at or near zero at the
edge of the opening 2b and increases over a distance of at
least 10 wavelengths of the ultrasonic energy generated by
the transducer 1. In this manner, the attenuation of the
ultrasound gradually increases as the distance from the
opening 2b 1ncreases thus minimizing or effectively elimi-
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nating diffraction caused by the opening 2b. This design may
be applicable to edges of the acoustically opaque element
within any sound field, such as the planar elements 4a and
4b, 1llustrated 1n FIGS. 2 and 4, respectively.

Acoustically generated 1images derived only from the
diffraction component may be generated using the apparatus
illustrated in FIG. 2. As noted, the object ultrasound wave 1s
generated by a single ultrasound transducer 1. However, 1t 1s
known 1n the art to use multiple object ultrasound transduc-
ers wherein each of the object transducers 1s offset from the
optical axis of the lens system 3. Such a system 1s discussed
in U.S. Pat. No. 5,329,817. FIG. 6 1illustrates an apparatus
designed to provide acoustically generated images contain-
ing only a diffraction component wherein the object ultra-
sound signal 1s generated by multiple offset transducers. The
unscattered ultrasonic energy will not be on the center axis
of the lens system 3 if the source transducer(s) I is or are
aligned to propagate sound 1n a direction that 1s at an angle
(0) with respect to the central axis of the lens system 3.
When the direction of propagation of the unscattered ultra-
sound signal 1a, 1s at the angle 0, then the acoustical opaque
clement will be placed at position 4a,, which 1s off-axis from
the center line of the lens system 3 and corresponds to the
focal point for each of the off-axis transducers. In one
embodiment of the mventive apparatus, the source trans-
ducers 1 are rotating around the axis of the lens system 3. In
this embodiment, the acoustical opaque element 1s prefer-
ably 1n the shape of a thin strip around the center line of the
lens system 3 and encompassing both positions 4a, and 4a,.

FIG. 7 1illustrates the spatial frequency components
present in the ultrasound wave that 1s forward scattered from
a structural component within an object. That 1s to say when
a sound wave interacts with a structure point within an
object, the forward scattering can be referred to as having
various “spatial frequency”. Such designation 1s consistent
with diffraction designation in that the higher the spatial
frequency the greater the angle of diffraction. Conversely,
the lower the spatial frequency of the scattering, the lower
the angle of scattering. Thus, that sound that i1s only
absorbed or retlected can be referred to as zero spatial
frequency.

FIG. 8 illustrates the apparatus that 1s used to 1mage with
the selected components described in FIG. 7. Here, an
ultrasonic opaque filter with an opening in the center allows
the selection of only the zero spatial frequency ultrasound to
pass and be imaged (FIG. 7b). By the use of an ultrasonically
opaque filter that 1s opaque 1n the center and on the periph-
cral but open between, the 1image 1s formed by selectively
passing only the low frequency components of the forward
scattered wave (FIG. 7¢). By blocking all sound propagating
at small angles to the center axis but passing all that 1s at
orecater angles from the axis, only high spatial frequency
components are used in the imaging process (FIG. 7d). Such
ability to selective make 1images with selected components
of the forward scattered wave 1s 1mportant 1n that various
structures within an object will have varying characteristics
with respect to the scattering frequency. Thus, the use of this
invention will allow one to determine the relative amount of
low or high spatial frequency components from a given
volume. This could lead to characterization of structures
within a volume e.g. the differentiation of cancerous struc-
tures with the human breast.

FIGS. 9A to 9D show comparative images made with the
full ultrasonic energy (white background image) and an
acoustically generated image of the present mvention in
which only the scattered component of the ultrasound signal
1s contained within the image. As discussed above, the result
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1s a dark background image made with the unscattered
ultrasonic energy being blocked from passage to the detector
or image plane. In particular, FIG. 9A 1s a conventional
acoustic hologram i1n which diffracted and undiffracted
sound are both directed onto the hologram detector plane 6
(see FIG. 1). FIG. 9B is an acoustic image of the present
invention, which contains only the diffracted ultrasonic
signal (1.e., scattered from an object within the object plane
2).

FIGS. 9A and 9B are images of a synthetic target designed
to 1llustrate the resolution of acoustic images. In contrast, the
acoustic 1mages of FIGS. 9C and 9D are acoustic images of
an anatomical component of a chicken. Specifically, FIG. 9C
1s an 1mage of a chicken with fat on the surface generated by
a conventional technology, such as illustrated in FIG. 1. In
contrast, the ultrasonic 1mage of the present i1nvention,
illustrated in FIG. 9D, 1s image generated with, by way of
example, the apparatus of FIG. 2 or 6, and contains only the
diffractive component of the ultrasound signal. It should be
noted that the subtle detail of the small holes or the fat
content on the piece of chicken meat 1s not shown 1n full
ultrasonic energy (i.e., the white background) images known
in the art, and shown 1n FIGS. 9A and 9C, but can be seen
in the black background diffraction-only acoustic 1mages of
the present invention illustrated 1 FIGS. 9B and 9D. This
illustrates improved sensitivity and more detailed 1nforma-
tion that 1s possible with the inventive acoustic 1mages.

Regarding FIGS. 10A and 10B, the formulas for the
computer control of the positioning of the acoustically
opaque clement are 1llustrated for various shape configura-
tions of the 1nitial object of source energy wave. FIGS. 24
and 6 1illustrate the use of a planar object transducer 1.
However, the object wave may be generated from different
forms of source transducers, such as spherical or cylindrical
object transducers. As can be appreciated by those skilled in
the art, the profile of the transducer and the acoustic signal
ogenerated thereby affects the position and type of acousti-
cally opaque element used to selectively block portions of
acoustic signals. More specifically, FIG. 10A 1llustrates the
object transducer 1 as a planar transducer that generates a
planar wave of ultrasonic energy. FIG. 10B 1llustrates the
use of a spherically shaped object transducer 1 and the
resultant spherical wave of ultrasonic energy. As previously
discussed, and illustrated 1n FIG. 2, a position motor may be
used to properly position the acoustically opaque element.
As 1s known 1n the art, one or both of the lenses 1n the lens
system 3 may be moved to alter the position of the image
plane 2 and/or to alter the magnification of an already
selected 1mage plane (1.e., zoom). As the position of the
lenses 1n the lens system 3 are altered, the location of the
focal point 4 also moves. The position motor 1llustrated in
FIG. 2 1s used to automatically reposition the acoustically
opaque element (e.g., the element 4a) so that the acoustically
opaque element remains at the desired location (e.g., the
focal point 4).

In the illustrated embodiment of FIG. 10A, the planar
wave ol unscattered ultrasonic energy appears to the lens
(L1) to be coming from an infinite distance. Thus, this lens
will focus the planar wave unscattered ultrasonic energy to
a point from the lens equal to the focal length of the lens
(fL.1). This same lens means, properly positioned, will focus
(in all cases) scattered ultrasonic energy from structures
within the object mto the plane of a detector, such as the
hologram detector 7 illustrated in FIGS. 2-4, 6, and 7.
Previous Figures (e.g., FIGS. 1-4) illustrate the hologram
detector plane 6 at a different angle from the optical axis.
However, for the sake of convenience in illustrating the
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various focal lengths of lenses 1n the lens system 3, FIGS.
10A and 10B 1illustrate the hologram detector plane 6 1n
alignment with the optical axis of the lenses. If the unscat-
tered ultrasonic energy 1s not blocked at the focal point 4
unscattered ultrasonic energy (see FIGS. 2 and 6), the
unscattered ultrasonic energy proceeds to the holographic
detector to form the dominant but less sensitive white 1mage
of the object structure 1n the detector. This prior art imaging
process 1s seen as a darkening from the strong white back-
oround resulting from the unscattered ultrasonic energy. As
discussed 1n detail above, blocking the unscattered ultra-

sonic energy will produce a more sensitive 1image of subtle
details and structures within the object on a black back-
oground.

FIG. 10B illustrates the use of a spherically or cylindrical
shaped object transducer and a resulting spherical (side
view) object sound wave (ultrasonic energy) front. In this
case, the unscattered object ultrasonic energy appears to be
coming from a point (P) behind the transducer but not from
infinity. Thus, this unscattered ultrasonic energy 1s focused
at a position (4s), which is further from the lens means than
its focal length, but prior to the hologram detector plane 6.
It should be noted that the side view of a cylindrical shaped
transducer will respond 1n the same manner as the spherical
shape but in the top view the length of the cylinder will be
the length of the acoustically opaque element. Thus, 1n this
embodiment, the acoustically opaque element will be 1n the
shape of a rod whose length 1s the length of the cylindrical
source transducer.

As the magnification of the 1imaging system 1s changed,
the point at which the undiffracted wave 1s focused changes.
The equations, which describe this position as a function of
the magnification (lens position), are shown below.

For Planar Object Wave:

A. For single Acoustic Lens System
Block Position=L—-1{L

B. For Double Acoustic Lens System

Block Position=L.2—(fL.2/((1-(fL.2/(1L.1-1l1))))

Where:
All measurements are from the Hologram Detector

Surface

L 1s distance to single Acoustic lens
L. 1s the focal length of the single lens
L1, L2 are distances to lens 1 and 2 respectively

fI.1, fL.2 are the focal lengths of lens 1 and 2

respectively

The Block position and all other measurements are mea-
sured from the detector surface

A. For Spherical or Cylindrical Object Wave: For a single
Acoustic Lens System:
Block Position=L-{L(R+0)/(R+O-fL)B. For a two
Lens System:
Block Position=L2-((fL2*02)/(02-f1.2))
Where: 02=L1-L2-((f{L1(D+R)/(D+R-{L1))
R 1s the radius of the cylindrical or spherical source
transducer
D 1s the distance along the center-line of the Lens
from L1 to the face of the source transducer
And: All other measurements are from the Detector
Surface
L 1s distance to single Acoustic lens
fLL 1s the focal length of the single lens
L1, L2 are distances to lens 1 and 2 respectively

fI.1, fL.2 are the focal lengths of lens 1 and 2
respectively

The Block position and all other measurements are made
from the detector surface.
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Apparatus

The mventive apparatus provides an improvement to an
ultrasonic 1maging system using holography for image
retrieval and processing. The key elements of the apparatus
are an ultrasonic transducer to generate the sound waves
directed toward the object to be 1imaged. One ultrasonic
transducer is described in U.S. Pat. No. 5,329,202 (°202
patent), the disclosure of which is incorporated by reference
herein. Briefly, FIGS. 4-10 of the 202 patent show an
embodiment of an ultrasonic transducer having a thin piezo-
clectric polycrystalline body or wafer with a large area in
parallel between front and back surfaces. The piezoelectric
waler 1s composed of a polycrystalline ceramic oxide mate-
rial having piezoelectric activity, such as lead zirconate
fitanate, which 1s a known piezoelectric material sometimes
identified as PZT. An ultrasonic transducer i1s designed to
ogenerate ultrasonic radiation at a frequency of between 1
MHz and 10 MHz. The piezoelectric water has a thickness
of approximately 2 mm for a frequency of 1 MHz and
approximately 0.7 mm for 3 MHz and 0.2 mm for 10 MHz

depending upon the mixture and type piezoelectric material
used. Preferably, the thickness 1s between 1.0 mm and 0.5
mm and most preferably a thickness of 0.8 mm. This
transducer will provide a resonant frequency of approxi-
mately 2.5 MHz for PZT.

Under one operational mode, the ultrasonic transducer
needs to generate large area plane waves necessary to 1mage
(on a planar two-dimensional basis) an object as large as a
larcer woman’s breast all the way to the chest wall.
Theretfore, the ceramic piezoelectric transducer will have a
large face surface in the range in size from typically (7.6 cm
by 10.16 cm)-77 ¢m” to (10.16 ¢cm to 20.32 ¢cm)-309 cm”
in typically a rectangular shape.

The ultrasonic transducer has both a front electrode
coating and a back electrode coating applied to the front and
back surfaces of the piezoelectric waler to enable oscillation
voltage to be applied to the piezoelectric waler and to
ogenerate a desired large ultrasonic planar wave. Preferably,
the electrode coatings completely overlay the respective
front and back surfaces of the piezoelectric water and have
a uniform thickness of approximately 0.0075 to 0.00128
mm. There may be front electrode connector tabs affixed to
the front electrode coating for applying a voltage to the front
surface, but such tabs may be affixed to a border region so
as to avoid interference with the generation of planar waves
from the front surface.

There may be a voltage moditying or reduction layer
interposed between the back face surface of the piezoelectric
crystal and a back electrode coating to reduce the effective
voltage applied to the face or front surface of the piezoelec-
tric crystal as the edge of the crystal 1s approached. This will
also minimize the generation of interfering edge elfect
ultrasonic waves from an edge of the piezoelectric crystal.
The voltage reduction layer 1s composed of a material that
1s substantially less conductive than the electrode coating
material (e€.g., synthetic epoxy resin) and provides an elec-
trical impedance between the back electrode and the back
surface adjacent to the back edge to reduce the exciting
voltage at the side surface to less than 50% (preferably less
than 25%) of that applied at the central area of the back side
of the piezoelectric crystal. The voltage reduction layer
preferably has an electric dielectric constant of between 3
and 100 and an celectrical volume resistivity value of
between (0.1 ohm-cm and 2.5x10'°> ohm-cm). Most
preferably, the voltage reduction layer comprises a synthetic
epoxy resin having a dielectric constant between 10 and 20
and an electric volume resistivity of between (1x10'> and

5x10")ohm-cm.
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The ultrasonic transducer provides planar, spherical, or
cylindrical sound waves (i.e., ultrasonic energy in the form
of waves) propagating in the direction of the object. It is
important that the sound waves are transmitted to the object
in a medium conducive to propagation of such sound waves.
Thus, there 1s an acoustical path to the object from the
transducer to the acoustic lens from the object. Such an
acoustical path can be a media with low acoustical
attenuation, such as aqueous solutions (e.g., water based or
even glycols such as ethylene glycol and glycerol), oil
solutions, or rubber pillows making acoustic contact with
the object. Preferably, a water bath 1s provided for breast
imaging. In the case of objects that could tend to float 1n a
water bath (not desirable), the object may have to be slightly
compressed so that it 1s better position 1n the sound path
within the water bath.

After passing through the object, the ultrasonic waves are
focused to a focal point by the acoustic lens system 3. One
such ultrasonic lens system 1s described 1n U.S. Pat. No.
5,235,553, the disclosure of which 1s 1ncorporated by rel-
erence herein. Briefly, the individual lenses of the lens
system 3 each have a large diameter and 1s solid, and have
an optical axis perpendicular to the periphery and is pref-
erably mounted on a support structure to allow lateral
movement along a z-axis (in the direction of propagation of
sound waves). Preferably, the solid lens 1s formed with a
homogeneous rigid plastic material that has a transmission
velocity with respect to ultrasound (0.5 MHz to 10 MHz) of
approximately 1.25 to 2.5 times as great as that of water. The
density of the rigid plastic material 1s preferably between 1.0
and 1.5 that of water. Preferred plastic materials are cross-
linked polystyrene or polymethylpentene. Polystyrene has
an ultrasonic impedance of approximately 1.8 or less nor-
malized to water (equal 1.0).

The lens preferably has a focal length-to-diameter ratio (f
number) of between one and four. Preferably, the focal
length “L” 1s between 20 and 60 cm and the diameter “D”
1s greater than 15 cm and preferably greater than 20 cm. The
lens should also have a diameter-to-thickness ratio of greater
than four and preferably between four and twelve. One or
both surfaces are formed with multiple radiuses of curva-
tures so that the incidence ultrasound 1s focused at the focal
plane to provide a focusing of ultrasound waves over the
entire face of the lens. The lens 1s formed such that each
small segment or increment of the lens surface has 1ts own
radius of curvature so that spherical aberrations are mini-
mized.

An alternative solid ultrasonic lens provides symmetrical
solid rigid lens elements, each of which would be classified
as a concave-convex lens element. The two lens elements
provide a liquid cavity that defines a liquid lens containing,
a liquid lens material. The solid rigid lens elements each
have a convex exterior surface and a concave interior
surface. The convex exterior surface and the concave inte-
rior surface have different radius of curvatures so that the
thickness of each of the elements progressively increases 1n
thickness from the axis to the periphery.

The acoustically opaque element (e.g., the element 4a in
FIG. 2) preferentially 1s able to completely absorb sound. It
1s an object placed at the focal point of the unscattered
ultrasonic energy and has an approximate size of ten fold
lambda () times the J number of the lens means wherein A
1s the wavelength of the ultrasonic energy used within the
media (preferably water). In an exemplary embodiment, the
acoustically opaque element 1s made from an acoustical
insulating material having entrapped voids or air. For
example, the acoustical insulating material may be selected
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from the group consisting of cork, porous polymers, open or
closed cell foams, and combinations thereof.

Sound then may be directed to an 1imaging apparatus or
reflected to an 1imaging apparatus using, by way of example,
the reflector 5§ (see FIG. 2). Preferably, the imaging appa-
ratus uses holography to reconstruct a visual 1image from the
sound waves reaching the 1maging apparatus for optical
reconstruction. The lens system 3 1s positioned, preferably
with use of a controller such that the ultrasound energy
scattered by structures within the object 1s focused upon the
imaging apparatus. Preferably, the imaging apparatus 1s an
optical hologram reconstruction system utilized in conjunc-
tion with a hologram detection surface, preferably a liquid
surface that forms an ultrasonic hologram. A coherent light
source, such as a laser, generates a coherent light beam that
1s directed through a collecting lens to 1lluminate the holo-
oram detection surface. The coherent light illuminating the
hologram 1s reflected from the hologram surface and dif-
fracted mto a number of diffraction order beams, and
directed to a spatial filter that filters out the undiffracted
(zero order) light. All of the diffracted orders contain image
information and can be used but preferably, only the first
order diffracted beam 1s allowed to pass to a video camera
to be visualized. The video feed can be digitized to pixel
signals for a camera. The compilation of pixels that form an
image can be averaged over time to minimize or neutralize
out-of-focus structures appearing in the images.

Process

The present invention further provides a process for
improved 1maging of interior structures of an object, com-
Prising;:

(a) providing a planar, cylindrical, or spherical sound
wave (ultrasonic energy in the form of a wave) to
transmit through the object to form a transmitted sound
wave having image information resulting from
refraction, diffraction, absorption, reflected and the
sound that is not scattered by the object (unscattered)
sound waves (ultrasonic energy in the form of a wave);

(b) focusing the transmitted and unscattered sound wave
to a focal point with an acoustic lens means having a
centerline;

(c) providing an acoustically opaque element selectively
positioned at the focal point to prevent transmission of
ultrasonic energy directed to the focal point; or alter-
natively an acoustically opaque planar element selec-
tively positioned to pass only that sound that 1s scat-
tered by structure 1n the object or alternatively an
acoustically opaque planar element selectively posi-
tioned to pass only ultrasonic energy scattered from a
selected volume within the object being 1maged; and

(d) imaging the interior structures of the object with a
holographic detector having a surface aligned perpen-
dicular to the centerline of the acoustic lens means.

Preferably, 1n order to demonstrate the comparative

advantage of the inventive process having the acoustically
opaque element selectively positioned at the focal point of
unscattered ultrasonic energy, the foregoing process further
comprises (€) repeating the imaging process by placing an
acoustical opaque planar element with an opening that
allows the passage of the unscattered sound only, the for-
going process further comprises (f) repeating the imaging
process by placing and acoustical opaque planar element
with circular strip openings that allows passage of only the
ultrasonic energy scattered from a selected position in the
focal plane of the lens means and (g) comparing character-
istics of the object as viewed by the scattered wave 1imaging
with those of the unscattered wave 1image and finally with
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the 1mage without blocking any of the transmitted sound to
determine greater detailed information of subtle structures of
the object being 1imaged. Preferably, the transmitted sound
waves, scattered sound waves, and unscattered sound waves
carry spatial phase and amplitude information, on a planar,
spherical, or cylindrical basis, corresponding to the three
dimensional nature of the object’s interior structure.
Preferably, the wave generated by the transducer 1s a planar,
cylindrical, or spherical sound wave at a plane perpendicular
to the direction of transmission. Most preferably, the acous-
tic lens system (e.g., the lens system 3) focuses the sound
wave to a focal point and any generated diffraction waves
cgenerated within the object at the hologram detector surface.
Preferably, the transmitted sound wave 1s focused to the
focal point by adjusting the acoustic lens means along a z
ax1s with an electromechanical means. Most preferably, the
clectromechanical means for adjusting the lens means 1s
controlled by a computer adjusting both the acoustic lens
means to form a focal point and positioning the acoustically
opaque element at the focal point.

The 1nventive process allows for improved imaging of
internal structures of objects, such as tumor tissue within
surrounding breast soft tissue, that utilizes only ultrasound
energy that interferes with the structure (tumor tissue). The
sound wave that passes through the object carries with it
spatial phase and amplitude information about the three
dimensional nature of the object’s interior structure. In
addition, the process provides for an improved and more
sensifive visual imaging method that provides white inten-
sity information on a black or void background, when
combined with the inventive apparatus having an opaque
clement placed at the lens focal point. The black background
image created provides for improved object i1dentification
and size measurements when compared to similar non-
reverse (i.e., white) images formed with the same object.
Thus, subtle objects or elements within objects can be
visualized.

From the foregoing it will be appreciated that, although
specific embodiments of the invention have been described
herein for purposes of illustration, various modifications
may be made without deviating from the spirit and scope of
the 1nvention. For example, the mnventive acoustic 1mages
may be generated by a variety of equipment. Various
examples of equipment used to generate the inventive
images have been described herein, others may be known 1n
the art. Still other techniques can be dertved and applied to
create the acoustically generated images of the present
invention. Accordingly, the invention 1s not limited except as
by the appended claims.

What 1s claimed 1s:

1. An apparatus for generating acoustic 1mages compris-
Ing:

a source of acoustic waves;
a lens system for receiving the acoustic waves after they
have passed through an object; and

an acoustically opaque element positioned after the lens
system for blocking a selected portion of the acoustic
wave alter it has passed the object and through the lens
system.

2. The apparatus according to claim 1 wherein the acous-
fically opaque member 1s positioned with an opening at the
focal point of the lens and opaque material adjacent the focal
point 1n order to pass unscattered acoustic wave while
blocking acoustic waves which have been scattered by the
object.

3. The apparatus according to claim 1 wherein the acous-
tically opaque 1image 1s positioned at the focal point to block
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unscattered acoustic waves and pass acoustic waves which
have been scattered by the object.

4. The apparatus according to claim 1 wherein the acous-
tically opaque member 1s positioned at a selected location
relative to the focal point to allow passage of acoustic waves
scattered at peripheral angles from a selected volume within
a focal plane of the object.

5. The apparatus according to claim 1 wherein the acous-
tically opaque member 1s shaped like a doughnut, having an
aperture therein for passing acoustic waves and blocking
material 1n a peripheral region for blocking acoustic waves.

6. The apparatus according to claim 1 wherein the acous-
tically opaque member 1s composed of two distinct elements
which are positioned to block unscattered acoustic waves at
multiple off-axis transducer locations.

7. The apparatus according to claim 1 wherein said
acoustically opaque member includes tapered edges adja-
cent an opening to pass acoustic waves.

8. The apparatus according to claim 1 wherein the acous-
tically opaque member 1s a plurality of members, having an
outer ring of acoustically opaque material and an inner
portion of acoustically opaque material and having an open-
Ing to pass acoustic waves between the first and second
clements.

9. An apparatus for generating acoustic 1mages compris-
Ing:

a source of acoustic energy;

a lens system for modifying the acoustic energy after it 1s

passed through an object;

an 1maging system after the lens system, the imaging
system being positioned to create an 1mage using

information within the acoustic wave after 1t has passed
through an object; and

an acoustically opaque member positioned between the
lens system and the 1maging system, the location of the
acoustically opaque member being selected to block a
certain portion of the acoustic wave and pass another
portion of the acoustic wave.

10. The apparatus according to claim 9 wherein the
location of the acoustically opaque member 1s selected based
on imaging information at a certain scattering angle from the
object.

11. The apparatus according to claim 9 wherein the shape
of the acoustically opaque member 1s selected to achieve a
selected blocking pattern and passing pattern of the acoustic
waves.

12. The apparatus according to claim 11 wherein the
shape 1s selected to have sharp edges at at least one portion
adjacent where the acoustic wave passes through.

13. The apparatus according to claim 11 wherein the
acoustically opaque member 1s shaped to have a rounded
surface adjacent to the location of the acoustic wave passing
through.

14. The apparatus according to claim 11 wherein the
acoustically opaque member 1s shaped to have a flat surface
adjacent to the location of the acoustic wave passing
through.

15. The apparatus according to claim 9 wherein the
location of the acoustic blocking member 1s selected to be
spaced from the lens by a distance based on the shape of the
wave emanating from the acoustic transducer prior to the
object.

16. The apparatus according to claim 9 wherein the
imaging system 1s a holographic imaging system and creates
an acoustical holographic image from a plurality of acoustic
sound waves.
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